Introduction
Clinical and epidemiological studies show a robust, inverse association of HDL cholesterol (HDL-C) levels with cardiovascular disease (CVD) risk (1, 2) . Moreover, genetically engineered deficiencies in proteins implicated in HDL metabolism markedly affect atherosclerosis in hypercholesterolemic mice (3, 4) , placing HDL in the causal pathway of accelerated atherogenesis in animal models. These observations have triggered intense interest in targeting HDL-C for therapeutic intervention.
Levels of HDL-C do not necessarily reflect the concentrations of cardioprotective HDL particles, however. HDL is a collection of macromolecules ranging in size from less than 7 nm to more than 14 nm (5), and the cholesterol content of the different species can vary 3-fold. Indeed, several lines of evidence suggest that the association between HDL-C levels and CVD status is indirect and that elevating HDL-C is not necessarily therapeutic (6) (7) (8) (9) (10) (11) (12) . For example, genetic variations that associate with altered HDL-C do not strongly associate with altered CVD risk (9) . Trials of drugs such as cholesteryl ester transfer protein inhibitors and niacin, which elevate HDL-C by different mechanisms, have failed to reduce events in statin-treated subjects with established CVD (6-8, 10, 11) . Moreover, a loss-of-function variant of scavenger receptor B1 (SCARB1) that raises HDL-C levels increases the risk of CVD in humans (13) , and genetic deletion of SCARB1 in mice raises HDL-C levels and promotes atherosclerosis (14) . These observations indicate that HDL-C does not necessarily reflect HDL's cardioprotective effects in either humans or mice and that it is critical to examine other functional properties of HDL.
HDL's cardioprotective effect is attributed in part to its ability to mobilize excess cholesterol from artery wall macrophages (15) (16) (17) (18) . The first key step involves ABCA1 -an ATP-binding cassette transporter found in the plasma membrane of macrophages -that exports phospholipids and cholesterol from Using genetic and biochemical approaches, we investigated proteins that regulate macrophage cholesterol efflux capacity (CEC) and ABCA1-specific CEC (ABCA1 CEC), 2 functional assays that predict cardiovascular disease (CVD). Macrophage CEC and the concentration of HDL particles were markedly reduced in mice deficient in apolipoprotein A-I (APOA1) or apolipoprotein E (APOE) but not apolipoprotein A-IV (APOA4). ABCA1 CEC was markedly reduced in APOA1-deficient mice but was barely affected in mice deficient in APOE or APOA4. High-resolution size-exclusion chromatography of plasma produced 2 major peaks of ABCA1 CEC activity. The early-eluting peak, which coeluted with HDL, was markedly reduced in APOA1-or APOE-deficient mice. The lateeluting peak was modestly reduced in APOA1-deficient mice but little affected in APOE-or APOA4-deficient mice. Ion-exchange chromatography and shotgun proteomics suggested that plasminogen (PLG) accounted for a substantial fraction of the ABCA1 CEC activity in the peak not associated with HDL. Human PLG promoted cholesterol efflux by the ABCA1 pathway, and PLG-dependent efflux was inhibited by lipoprotein(a) [Lp(a)]. Our observations identify APOA1, APOE, and PLG as key determinants of CEC. Because PLG and Lp(a) associate with human CVD risk, interplay among the proteins might affect atherosclerosis by regulating cholesterol efflux from macrophages.
cells (15) (16) (17) . Lipid-poor apolipoprotein A-I (APOA1), HDL's major protein, is thought to be the dominant ligand for ABCA1 in vivo, but recent studies indicate that mature lipidated HDL particles also promote efflux by this pathway (13-15, 17, 19, 20) .
Mouse and human studies have shown that defects in the APOA1/ABCA1 pathway are important determinants of CVD. For example, ablating the Abca1 gene in myeloid cells increases atherosclerotic lesions in hypercholesterolemic mice (21), while overexpressing human ABCA1 in myeloid cells in hypercholesterolemic mice retards atherogenesis (22) . Importantly, humans deficient in ABCA1 (Tangier's disease) accumulate cholesterol-laden macrophages in many different tissues despite having low levels of LDL-cholesterol, providing strong evidence that ABCA1 conducts a key step in sterol excretion from these cells in humans (23) .
Cholesterol efflux capacity (CEC) -the ability of human serum depleted of lipoproteins containing apolipoprotein B (APOB) to promote cholesterol efflux from macrophages -can vary markedly between different subjects despite similar levels of HDL-C and APOA1 (24) . Macrophage CEC of serum HDL associated strongly and negatively with prevalent CVD status in 2 large, independent human populations (25) . That association was independent of HDL-C and APOA1 levels. CEC inversely associated with future cardiac events in the Dallas Heart and the EPIC-Norfolk studies (26, 27) . These relationships remained highly significant after correction for other classic lipid risk factors for CVD. The assay in the Dallas Heart Study monitored cholesterol efflux capacity specifically by the ABCA1 pathway (28) , while the EPIC-Norfolk Study quantified macrophage CEC (24) , which involves ABCA1 and multiple other lipid transporters. Taken together, these observations provide strong evidence that macrophage CEC and ABCA1 CEC are clinically relevant metrics of HDL function that are independent of HDL-C.
The mechanisms that mediate CEC in APOB-depleted serum are poorly understood. In the current study, we used mice deficient in HDL apolipoproteins implicated in cholesterol efflux from macrophages (15, 16, 29) and analyzed plasma samples biochemically to investigate those proteins' roles in macrophage CEC and ABCA1 CEC. Our observations indicate that APOA1, apolipoprotein E (APOE), and plasminogen (PLG, which is not an apolipoprotein) are key modulators of CEC, and that PLG-dependent ABCA1 CEC is inhibited by lipoprotein(a) [Lp(a)]. These findings could provide the basis for studies of factors that influence CEC -and therefore cardioprotection -in vivo.
Results
We quantified CEC with both serum HDL (serum depleted of lipoproteins containing APOB) and plasma fractionated by high-resolution size-exclusion chromatography (SEC). Because serum HDL contains mature HDL as well as partially lipidated and lipid-free forms of APOA1 and apolipoprotein A-IV (APOA4), fractionating the plasma by SEC allowed us to distinguish between HDL-associated and non-HDL-associated proteins that promote CEC. We complemented these studies by quantifying HDL particle concentration (defined as lipoproteins isolated by ultracentrifugation at d = 1.063-1.21 g/ml) in the different strains of mice.
Both APOA1 and APOE are important regulators of macrophage CEC, but only APOA1 promotes ABCA1 CEC. Using serum HDL from wild-type mice or mice deficient in APOA1, APOE, APOA1/APOE, or APOA4 (all in the C57BL/6 genetic background), we determined whether these proteins modulate CEC and/or HDL particle concentration. Macrophage CEC, which involves multiple lipid transporters (30, 31) , was monitored with cAMP-stimulated J744 macrophages (24, 25) ; ABCA1 CEC, which involves only ABCA1, was quantified with BHK cells with inducible expression of human ABCA1 (32) .
Macrophage CEC was markedly lower in mice deficient in APOA1 or APOE than in wild-type mice ( Figure 1A ; P < 0.0001). It was even lower (~80%; P < 0.0001) in mice deficient in both proteins. In contrast, APOA4 deficiency had little effect on macrophage CEC (33, 34) . ABCA1 CEC was likewise reduced in APOA1-and APOA1/APOE-deficient mice ( Figure 1B ; P = 0.003 and P = 0.002, respectively), but the effect was smaller (~50%) than that observed for macrophage CEC (~70%). However, ABCA1 CEC was barely affected in mice deficient in only APOE or only APOA4.
Phospholipid and cholesterol levels were markedly reduced in serum HDL of mice deficient in APOA1, APOE, or APOA1/APOE (Figure 2, A and B) , as reported for HDL-C levels in these animals (35) (36) (37) . There were no significant changes in phospholipids or cholesterol in serum HDL of mice deficient in APOA4 (Figure 2, A and B) , suggesting that HDL-C levels were not significantly lower than in wild-type mice.
Because the concentration of HDL particles might have important effects on CEC, we quantified HDL particle number by calibrated ion mobility analysis (HDL-P IMA ; see ref. 38 ), using HDL isolated by ultracentrifugation from plasma of the different mouse strains ( Figure 2C ). HDL-P IMA was lower in mice deficient in APOA1 (by 70%) or APOE (by 50%) than in wild-type mice. Moreover, mice deficient in both APOA1 and APOE almost completely lacked HDL particles (98% decrease). In contrast, there was no significant change in HDL-P IMA in mice deficient in APOA4. Serum HDL cholesterol and phospholipid levels were similar in mice deficient in APOA1 or APOE, but HDL particle concentration was lower in the APOA1-deficient mice, suggesting that those mice have fewer larger particles.
We next quantified the relationship between HDL-P IMA and macrophage CEC or ABCA1 CEC in all the mouse strains. While HDL-P IMA and macrophage CEC correlated strongly (r = 0.72, P = 0.0007), HDL-P IMA did not correlate with ABCA1 CEC (r = 0.18, P = 0.47), suggesting that factors independent of HDL particle concentration (lipoproteins of d = 1.063-1.21 g/ml) can mediate cholesterol efflux by the ABCA1 pathway.
Collectively, these observations indicate that both APOA1 and APOE are important mediators of macrophage CEC but that only APOA1, likely as a lipid-poor apolipoprotein (17) , promotes ABCA1 CEC. In contrast, ABCA1 CEC was much less affected in mice with APOA1 and/or APOE deficiency. Moreover, APOA4 was not a major contributor to macrophage CEC or ABCA1 CEC. We previously showed that ABCA1 CEC is not reduced in APOE-deficient mice despite the marked reductions in HDL-P IMA , HDL-C, and cholesterol and phospholipid levels in serum HDL (39) , suggesting that proteins or factors other than HDL's major proteins and HDL particle concentration are important determinants of ABCA1 CEC.
A peak of material not associated with APOA1 promotes ABCA1 CEC. To investigate the molecular basis for the differences between macrophage CEC and ABCA1 CEC in the different strains of mice, we quantified CEC in fractions isolated from EDTA plasma by high-resolution SEC (Figure 2 and Supplemental Figure  2 ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.92176DS1). Under these conditions, the large APOB-containing lipoproteins (VLDL and LDL) elute with a different retention time from the smaller lipidated HDL particles. We used plasma rather than serum HDL because preliminary studies demonstrated that polyethylene glycol, the material used to precipitate APOB-containing lipoproteins from serum, affects HDL's migration during SEC.
APOA1 eluted as a single major peak in fractions 8-16 of plasma (the apparent size of mature, lipidated HDL) when it was isolated from wild-type mice (Figure 2A and Supplemental Figure 1) . A small shoulder of APOA1, likely lipid-free or poorly lipidated APOA1, eluted later (fractions [17] [18] [19] [20] [21] [22] [23] . Both cholesterol and phospholipids also eluted as a major peak with a small shoulder (which contained phospholipid but very little cholesterol) that coeluted with APOA1 ( Figure 2 , B and C, and Supplemental Figure 1C ). 
-/-mice (n = 3). (A) Macrophage CEC and (B) ABCA1 CEC of serum HDL were monitored using [
3 H]cholesterol-labeled J774 macrophages and baby hamster kidney (BHK) cells, respectively. Cholesterol efflux was calculated as the percentage of radiolabel in the medium of the cells at the end of a 4-hour incubation divided by the total radioactivity of the medium and cells. Macrophage CEC and ABCA1 CEC were quantified as the difference in cholesterol efflux of cells with and without exposure to cAMP and with or without induction of ABCA1 expression, respectively. Significance was determined by ANOVA followed by a Fisher's post-hoc analysis for multiple comparisons. *P < 0.05 versus wild-type mice.
We next quantified the CEC of fractions isolated by SEC from the 5 strains of mice ( Figure 2 and Supplemental Figure 2 ). The fractions of wild-type mouse plasma that promoted macrophage CEC eluted as a single major peak of material that coeluted with the apparent size of HDL ( Figure 2A and Supplemental Figure 2A ). In striking contrast, plasma exhibited 2 major peaks of ABCA1 CEC activity. One coeluted with the apparent size of HDL, while the other eluted later and had an apparent size smaller than that of HDL ( Figure 2B and Supplemental Figure 2B ).
To determine the role of APOA1 in CEC, we fractionated plasma from mice deficient in the protein ( Figure 2 , C and D, and Supplemental Material). Macrophage CEC was reduced by 70% in the peak of material that coeluted with the size of HDL. Macrophage CEC was also smaller in the small shoulder of the early-eluting peak of activity, suggesting that lipidfree APOA1 promotes cholesterol efflux. ABCA1 CEC was also reduced (~50%) in the major peak of material that coeluted with the size of HDL. However, there was only a modest reduction of ABCA1 CEC in the late-eluting peak of material ( Figure  2D ). Taken together, these observations indicate that HDL particles containing APOA1 are major mediators of macrophage CEC but that proteins or other factors not associated with APOA1 are also important contributors to ABCA1 CEC.
We next investigated the effects of APOE deficiency and APOA1/APOE deficiency on macrophage CEC and ABCA1 CEC ( Figure 2 , E-H, and Supplemental Figure 2 ). The peak with macrophage CEC activity that coeluted with the apparent size of HDL was approximately 30% smaller in the APOE-deficient mice than in the wild-type mice. ABCA1 CEC activity was lower in the peak of material with the apparent size of HDL but was not decreased in the late-eluting material ( Figure 2 , E and F, and Supplemental Figure  2 , E and F). These observations show that lipoproteins with the apparent size of HDL that contain APOE can also promote ABCA1 CEC. In contrast, APOE deficiency had no effect on the ABCA1 CEC activity of the material whose apparent size was smaller than that of mature HDL.
When we fractionated plasma from the APOA1/APOE-deficient mice by SEC ( Figure 2G and Supplemental Figure 2G ), the activity in the peak with the apparent size of HDL was markedly lower (90%) than in the wild-type mice. The peak also had little ABCA1 CEC activity ( Figure 2H and Supplemental Figure 2H ), suggesting that HDL containing APOA1 and/or APOE promotes efflux mainly by the ABCA1 pathway. However, the ABCA1 CEC activity of the late-eluting peak was only modestly lower than the activity in the late-eluting peak of the wild-type mice ( Figure 2H and Supplemental Figure 2H ). Collectively, these observations indicate that HDL particles containing APOA1 and/or APOE account Figure 2 . Plasma phospholipid level, plasma cholesterol level, and HDL particle concentration (HDL-P IMA ) of wild-type mice and mice deficient in APOA1, APOE, APOA1/APOE, or APOA4. Phospholipid (A) and total cholesterol (B) levels were quantified biochemically. (C) HDL-P IMA was determined by calibrated ion mobility analysis using glucose oxidase as the standard. Significance was determined by ANOVA followed by Fisher's posthoc analysis for multiple comparisons. *P < 0.05 versus wild-type mice (WT).
almost quantitatively for macrophage CEC, but that other proteins or factors with an apparent molecular size smaller than HDL are major contributors to the ABCA1 CEC activity of plasma.
Albumin does not account for the late-eluting peak of ABCA1 CEC activity. Albumin and the late-eluting peak of material with ABCA1 CEC activity exhibited similar apparent sizes on SEC. However, albumin promotes shuttling of cholesterol from cells to medium when the medium is supplemented with high concentrations of exogenous cholesterol acceptor such as LDL, phospholipid vesicles, or red blood cells (40) . Two lines of evidence suggest that albumin was not responsible for the late-eluting peak of ABCA1 CEC activity we observed in plasma fractionated by SEC. First, we do not include exogenous cholesterol acceptors in our CEC assays, and in our hands albumin does not promote cholesterol efflux by BHK cells expressing ABCA1.
Second, when we subjected mouse plasma of wild-type mice or APOA1-deficient mice to antibodybased affinity chromatography, albumin was quantitatively removed from the fractions containing the late-eluting ABCA1 CEC activity ( Figure 3 and Supplemental Figure 3) . However, HDL particles were also almost quantitatively lost from the albumin-depleted material, likely because of removal of APOA1. Previous work has shown that APOA1 coisolates with albumin during 4 independent methods of biochemical fractionation, including affinity isolation with antibodies (41) . Consistent with these data, the peak of HDL-associated macrophage CEC was also markedly reduced. In striking contrast, the ABCA1 CEC activity of the late-eluting peak was reduced by only approximately 50%, likely because of the loss of poorly lipidated APOA1.
Together, these observations strongly suggest that albumin is not a major contributor to the ABCA1 CEC activity we observe in the late-eluting peak of material.
PLG correlates with ABCA1 CEC in plasma subjected to orthogonal chromatography-mass spectrometry. We used orthogonal chromatography-mass spectrometry to identify non-HDL-associated proteins whose elution patterns correlated with those of ABCA1 CEC. Plasma from wild-type mice or APOA1-deficient mice were subjected to high-resolution SEC, and each fraction was monitored for ABCA1 CEC. Fractions from the late-eluting peak of material with ABCA1 CEC activity were combined and then separated by cationexchange ( Figure 4 , A and E) or anion-exchange (Figure 4 , C and G) chromatography; each fraction was again assessed for ABCA1 CEC activity. The active fractions were analyzed with shotgun proteomics (42) , and the relative concentrations of proteins (quantified as spectral counts, the number of unique peptides detected by MS/MS (43) in each fraction were correlated with ABCA1 CEC activity.
Hierarchical clustering assessed by Euclidean distance analysis revealed an array of proteins linked to ABCA1 CEC in the fractions obtained by each of the 2 methods. However, the proteins in the 2 clusters were distinct, and albumin was not in either cluster. Only 1 protein -plasminogen (PLG) -correlated strongly with ABCA1 CEC in both clusters. Moreover, only PLG correlated with ABCA1 CEC activity when plasma was first fractionated by SEC and then by cation-exchange ( Figure 4 , B and F) or anion-exchange (Figure 4 , D and H) chromatography (cation exchange, r = 0.81 and r = 0.84 for wild-type and Apoa1 -/-mice, respectively; anion exchange, r = 0.98 and r = 0.95 for wild-type and Apoa1 -/-mice, respectively). PLG stimulates cholesterol efflux from macrophages by the ABCA1 pathway. We exposed BHK cells (with and without inducible expression of human ABCA1), macrophages (with and without cholesterol loading), and bone marrow-derived macrophages (with and without expression of ABCA1) to human PLG ( Figure  5 ) to determine whether the protein would promote cholesterol efflux from cells. SDS-PAGE analysis with Coomassie blue staining indicated that material with the apparent MW of PLG accounted for greater than 95% of the protein in the PLG preparation.
Stimulation by PLG of ABCA1-specific cholesterol efflux from BHK cells was half-maximal at approximately 0.7 μg/ml and plateaued at 3 μg/ml ( Figure 4A ). In contrast, PLG failed to promote cholesterol efflux from BHK cells expressing ABCG1 (Supplemental Figure 6) (44) . Although PLG is a serine protease, its ABCA1 activity was not affected by phenylmethylsulfonyl fluoride (PMSF), which covalently modifies reactive serine residues (45) . Cholesterol accumulation in the medium of cells exposed to 1 μg/ml PLG was linear for 2 hours but then gradually decreased ( Figure 4B ). In contrast, higher concentrations of APOA1 were required for half-maximal and maximal ABCA1-specific cholesterol efflux from BHK cells ( Figure 4C ): at 5 μg/ml APOA1, the amount of cholesterol in the medium of cells was approximately 30% higher than when cells were exposed to PLG. These results indicate that PLG stimulates cholesterol efflux from BHK cells that express lower concentrations of human ABCA1 than APOA1 but that APOA1 can promote greater total efflux than PLG in this model system.
To determine whether PLG would also promote cholesterol efflux from macrophages, we used mouse thioglycolate-elicited peritoneal macrophages. PLG (8 μg/ml) increased the mass of cholesterol in medium of cholesterol-loaded peritoneal macrophages but not control peritoneal macrophages ( Figure 4D ). We observed similar results with APOA1 (20 μg/ml).
To explore the role of ABCA1 in PLG-mediated cholesterol efflux from macrophages, we isolated bone marrow-derived macrophages from wild-type (Abca1 +/+ ) mice and mice partially (Abca1
) deficient in ABCA1. Both PLG and APOA1 promoted cholesterol efflux into the medium of macrophages isolated from the wild-type mice ( Figure 4E ). However, cholesterol efflux was almost completely abrogated when the macrophages were deficient in ABCA1.
Mouse and human plasma deficient in PLG have diminished ABCA1 CEC. To determine whether PLG might contribute to ABCA1 CEC in mice, we subjected pooled plasma from wild-type mice and PLG-deficient mice to high-resolution SEC and quantified ABCA1 CEC activity in fractions eluted from the column. The amount of ABCA1 CEC activity in the early-eluting peak (with the apparent size of HDL) was almost identical in the wild-type and PLG-deficient mice. In contrast, the amount of ABCA1 CEC activity in the late-eluting peak was approximately 50% lower in PLG-deficient mouse plasma relative to that of wild-type mice.
We next determined whether plasma from PLG-deficient mice in the Apoe -/-genetic background also was deficient in ABCA1 CEC activity. ABCA1 CEC was significantly lower in serum HDL of PLG-deficient Apoe -/-mice than in Apoe -/-mice (10.5% ± 0.5% and 12.3% ± 0.4% cholesterol, respectively; P = 0.025, n = 5). When the plasma of the 2 different strains of mice was pooled and subjected to SEC, the amount of ABCA1 CEC activity in the early-eluting peak (with the apparent size of HDL) was almost identical in the Apoe -/-and PLG-deficient Apoe -/-mice. In contrast, the amount of ABCA1 CEC activity in the late-eluting peak was approximately 30% lower in PLG-deficient Apoe -/-mouse plasma than in plasma of Apoe -/-mice ( Figure 4 and Supplemental Figure 4 ). Taken together, these observations suggest that PLG accounts for 30%-50% of the ABCA1 CEC activity in the late-eluting peak of activity in mouse plasma. To determine whether PLG might contribute to ABCA1 CEC in humans, we chromatographed human plasma on L-lysine Sepharose (to which PLG binds with high specificity and affinity; see ref. 46 ). Immunoblot analysis with a monoclonal antibody confirmed that PLG was undetectable in the chromatographed material. When we measured macrophage CEC and ABCA1 CEC on the material that flowed through the column ( Figure 5C ), we found that PLG depletion significantly reduced (P < 0.05) both macrophage CEC and ABCA1 CEC. The magnitude of the reduction in ABCA1 CEC suggested that PLG was responsible for approximately 30% of total ABCA1 CEC in human plasma. Supplementing PLG-depleted serum with purified PLG (4 μg/ml) partially restored macrophage CEC but almost completely restored ABCA1 CEC ( Figure 5C ), suggesting that PLG contributes to cholesterol efflux by ABCA1 in this model system. ). Macrophages were loaded with cholesterol by incubating them with 2% serum from LDL receptor-deficient mice that were fed a high-fat high-cholesterol diet for 16 weeks. (D and E) Cholesterol accumulation in the medium of macrophages was quantified by mass spectrometric analysis after a 4-hour incubation. CEC, cholesterol efflux capacity.
Apolipoprotein A and Lp(a) inhibit PLG-dependent cholesterol efflux by the ABCA1 pathway.
Apolipoprotein A (LPA) covalently binds to APOB on LDL particles, forming a unique atherogenic lipoprotein termed Lp(a) (47) . Because LPA has high structural homology with PLG, we investigated its interactions with the ABCA1 pathway. Over a wide range of concentrations (0.1-6 μg/ml), recombinant human LPA (containing 17 kringle domains) failed to stimulate ABCA1-specific cholesterol efflux from BHK cells ( Figure 6A ). However, it markedly inhibited the ABCA1-specific cholesterol efflux ( Figure 6A ) induced by PLG (1 μg/ ml). Under those conditions, ABCA1-specific cholesterol efflux was inhibited half-maximally by approximately 0.6 μg/ml LPA.
Because all LPA in human plasma is present in Lp(a) particles, we next tested the effect of isolated Lp(a) on ABCA1-specific cholesterol efflux from BHK cells ( Figure 6B ). Lp(a) potently inhibited the ability of PLG (1 μg/ml) -but not APOA1 (10 μg/ml) -to promote ABCA1-specific cholesterol efflux from BHK cells. Inhibition was concentration-dependent, and was half-maximal at approximately 0.8 μg/ml of Lp(a).
Discussion
Using a genetic approach, we showed that HDL-associated APOA1 and APOE, but not APOA4, are important determinants of macrophage CEC. In contrast, APOA1, but not APOE or APOA4, was a key mediator of ABCA1 CEC. Biochemical fractionation revealed 1 major peak of macrophage CEC activity but 2 major peaks of ABCA1 CEC activity in plasma: an early-eluting peak with the apparent size of HDL and a late-eluting peak of material with an apparent size similar to albumin. HDL-associated APOA1 and/ or APOE accounted quantitatively for the early-eluting peak of macrophage CEC activity, but the second peak of late activity was distinct from HDL, APOA1, and APOE. A search for proteins in the late-eluting peak demonstrated that PLG also promotes cholesterol efflux from BHK cells that express ABCA1.
To determine whether PLG can regulate macrophage cholesterol homeostasis, we quantified cholesterol mass in medium of mouse macrophages. PLG promoted the accumulation of cholesterol mass in medium of cholesterol-loaded macrophages. With bone marrow-derived macrophages, cholesterol accumulation in the medium was dependent on both ABCA1 and PLG.
Collectively, these observations suggest that HDL-associated APOA1 and APOE are the major mediators of macrophage CEC but that other factors promote cholesterol efflux by the ABCA1 pathway. Our biochemical, cell culture, and genetic studies identified one such factor as PLG, a protein linked with atherosclerotic disease risk in multiple genetic studies (48) (49) (50) (51) . Significantly, Lp(a) and LPA blocked the ABCA1 CEC activity of PLG, but not that of APOA1. These observations suggest that the interplay between PLG and Lp(a) could be a key regulator of macrophage cholesterol efflux and foam cell formation in the artery wall. In future studies, it will be important to determine PLG's impact on Lp(a)-mediated delivery of cholesterol to macrophages and to ascertain whether PLG mediates HDL biogenesis and metabolism.
A key question is whether PLG mediates reverse cholesterol transport from macrophages in vivo. However, reports of its effects on atherosclerosis in animal models are contradictory. In one study, PLG deficiency accelerated atherosclerosis in APOE-deficient mice (52), but another study found reduced atherosclerosis in mice deficient in both APOE and PLG (53) . These observations raise the possibility that PLG is involved in multiple pathways implicated in atherogenesis. Future studies must determine whether PLG promotes atherosclerosis and boosts cholesterol efflux from macrophages in animal models.
The Coronary Artery Disease Genome-wide Replication and Meta-analysis Consortium, which analyzed more than 60,000 CVD cases and 130,000 controls, reported that polymorphisms in PLG strongly associated with atherosclerotic vascular disease (49) . This observation was confirmed in the latest and largest meta-analysis of genome-wide association for CVD to date (48) . Plasma PLG levels were an independent risk factor for coronary artery disease in 2 prospective cohort studies: the FINRISK '92 Hemostasis Study (50) and the Atherosclerosis Risk in Communities Study (51) . Moreover, PLG remained a risk factor after adjustment for cholesterol and HDL-C levels. However, there was no correlation between plasma and intimal concentrations of PLG in a study of normal and atherosclerotic human intimal tissue harvested at autopsy (54) . Those investigators also found that absence of detectable PLG in intimal tissue associated with increased atherosclerosis. In future studies, it will be critical to identify polymorphisms and mutations in PLG that affect the protein's levels in plasma and its ability to promote cholesterol efflux by ABCA1 and, importantly, to determine whether those mutations affect CVD risk in humans.
Circulating PLG is a single-chain multidomain glycoprotein of 791 amino acids with 5 kringle domains and a C-terminal trypsin-like serine protease domain (55) . We found that treating PLG with PMSF, which inactivates the serine protease, had no effect on the protein's ABCA1 CEC activity. However, 4 of the kringle domains in PLG contain lysine-binding sites (56) , and ABCA1 contains 35 lysine residues in extracellular domain 1 and 20 in extracellular domain 2. Chemical modification of these residues abolishes APOA1 binding and sterol efflux that is promoted by APOA1 (57, 58) , raising the possibility that lysine-rich regions in extracellular loops of ABCA1 interact with PLG's lysine-binding sites.
PLG has a high degree of sequence homology with Lp(a), an LDL-like lipoprotein whose characteristic protein is LPA, which is strongly linked to cardiovascular disease risk in human clinical and genetic studies (59) . In our experiments, however, LPA failed to promote cholesterol efflux from cells by the ABCA1 pathway. Indeed, both LPA and Lp(a) inhibited the ability of PLG -but not APOA1 -to promote cholesterol efflux. Lp(a) upregulates ABCA1 (60) , which is consistent with the possibility that the lipoprotein blocks PLG-dependent cholesterol efflux, increasing cellular cholesterol levels and ABCA1 expression. LPA has been proposed to increase CVD risk by 2 mechanisms: altering the prothrombotic/anti-fibrolytic properties of the PLG/plasmin system and promoting intimal deposition of Lp(a) cholesterol. Our observations raise the possibility that LPA inhibits PLG-dependent cholesterol efflux, promoting macrophage cholesterol accumulation. Although APOE-deficient mice have the genetic capacity to synthesize APOA1, the low concentration of HDL particles in these animals strongly suggests that APOE also plays a significant role in HDL assembly or maturation in this animal model. This suggestion is reinforced by the essentially total absence of HDL particles we observed in mice lacking both APOE and APOA1. Despite this anomaly, we still observed measurable levels of cholesterol and phospholipids in the serum HDL of these mice. This likely occurred because these lipids associate with apolipoproteins in serum to form lipoproteins that would not be detected in HDL isolated by ultracentrifugation.
The underlying mechanisms for the marked deficiency of HDL in APOE-deficient mice are unclear, but they may involve altered assembly of HDL particles in the liver or impaired hydrolysis of triglyceriderich lipoproteins that contribute apolipoproteins and phospholipid to HDL formation in plasma. Interestingly, APOA4 deficiency appeared to have little impact on macrophage CEC, ABCA1 CEC, serum HDL cholesterol levels, or HDL particle concentration. The roles of APOE and APOA4 in regulating the distribution of HDL particles merit further study.
In summary, we demonstrated that APOA1 and APOE are major regulators of HDL particle concentration, that HDL particle concentration is a major determinant of macrophage CEC, but that other proteins are important for promoting ABCA1 CEC. One key factor is PLG, a non-apolipoprotein that stimulates cholesterol efflux by the ABCA1 pathway and is antagonized by LPA and Lp(a). In future studies, it will be important to understand the structural basis and cell biology of PLG-mediated cholesterol efflux and to determine how PLG interacts with ABCA1 to increase cholesterol export. It will also be critical to determine why PLG is a risk factor for CVD in humans.
Methods
Protein and gene nomenclature. We follow the guidelines of Mouse Genome Informatics and the HUGO Gene Nomenclature Committee. In this system, proteins' names are based on their gene names. Protein names, regardless of species, are in uppercase, not italics. The nomenclature for genes is different: for mouse genes, the first letter is capitalized and all the letters are in italics; for human genes, all the letters Mice. Studies were approved by the Animal Care and Use committees of the University of Washington, University of Chicago, and Wake Forest University. Transgenic mice were housed (3-5 per cage) in a specific pathogen-free barrier facility (22°C) with a 12-hour light/dark cycle with free access to food and water. All the strains were fed a low-fat diet (Wayne Rodent BLOX 8604; Harlan Teklad Laboratory) until they were 8-16 weeks old. Mice fasted for 4 hours in the morning were bled from the retro-orbital sinus into tubes containing EDTA (final concentration 1 mM), and killed by isoflurane inhalation. Plasma samples were collected and stored at −80°C until analysis.
Plasma lipids. Phospholipids (Wako Diagnostics) and cholesterol levels (Invitrogen) were determined biochemically.
SEC. Plasma (300 μl) was fractionated on a Superdex 200 column (24 ml column volume) at a 0.35 ml/ min flow rate with PBS, and 0.5-ml fractions were collected.
Ion-exchange chromatography. The late-eluting peak of material with ABCA1 activity (4.5 ml) isolated by SEC from 2 pooled plasma samples was concentrated to a final volume of 0.6 ml with 3,000 MW cutoff filters. After passage over a 10DG desalting column (GE Healthcare) equilibrated with buffer A ( (61) . After the column was washed with 100 ml of buffer A, it was eluted with a linear gradient of 100 ml buffer B, and 0.5-ml fractions were collected.
Lp(a) isolation. Plasma from 2 subjects with high levels of Lp(a) was subjected to density gradient ultracentrifugation followed by chromatography on L-proline (62) .
Recombinant LPA. Seventeen-kringle LPA expressed by human embryonic kidney cells (63) was isolated from conditioned medium by chromatography on L-lysine Sepharose. Protein purity was assessed by SDS-PAGE and silver staining under nonreducing and reducing conditions. PLG depletion. Human plasma samples were passed through an L-lysine Sepharose column equilibrated with 0.1 M NaHCO 3 at pH 8.9 (46) . PLG was quantified in samples before and after depletion by immunoblot analysis with a rabbit polyclonal antibody against PLG (Santa Cruz Biotechnology).
Bone marrow-derived macrophages. Bone marrow harvested from femurs and tibias of 16-week-old Abca1 +/+ , Abca1 +/-, and Abca1 -/-mice was gently suspended in RPMI medium (Sigma-Aldrich). Cells were collected by centrifugation (300 g, 5 minutes), plated (2 × 10 6 cells) in 24-well plates, and cultured for 7 days in RPMI supplemented with 10% fetal bovine serum, 1% penicillin, and 30 ng/ml mouse recombinant M-CSF. Medium was replaced on days 4 and 6. Cells were loaded with cholesterol by incubating them overnight in RPMI medium supplemented with 2% plasma harvested from LDL receptor-deficient mice fed a high-fat diet for 16 weeks (64) (65) (66) .
Peritoneal macrophages. Cells were harvested from the peritoneum of C57BL/6J mice 4 days after injection of 1 ml of thioglycolate (Sigma-Aldrich) (67) . Cells were washed with PBS, plated, and allowed to adhere for 2 hours at 37°C in serum-free high-glucose DMEM (Sigma-Aldrich). Nonadherent cells were removed by 3 washes with PBS. Cells were loaded with cholesterol as described for bone marrow-derived macrophages.
Cholesterol mass. Following the addition of [ 2 H 7 ]cholesterol (Sigma-Aldrich) as internal standard and then saponification, lipids were extracted from cell-conditioned medium with hexane and dried under nitrogen gas. Total cholesterol levels were determined after derivatization by LC-MS/MS (68) . Free cholesterol was measured with the same procedure without saponification; cholesteryl ester was calculated as total cholesterol minus free cholesterol.
Cholesterol efflux. CEC was assessed with J774 macrophages labeled with [
Liquid chromatography-electrospray ionization tandem mass spectrometric (LC-ESI-MS/MS) analysis.
Proteins (1 μg precipitated) were solubilized with 0.1% RapiGest (Waters) in 200 mM ammonium bicarbonate, reduced with dithiothreitol, alkylated with iodoacetamide, and digested with trypsin (1:20, w/w protein; Promega) for 3 hours at 37°C. After a second aliquot of trypsin (1:20, w/w protein) was added, samples were incubated overnight at 37°C. After RapiGest was removed by acid hydrolysis, samples were dried and stored at −20°C until analysis. Prior to analysis, samples were reconstituted in 5% acetonitrile, 0.1% formic acid (42, 70) .
Tryptic digests (1 μg protein) were injected onto a C18 trap column, eluted onto an analytical reverse-phase column (0.15 × 150 mm, Magic C18AQ, 5 μm, 200 A; Michrom Bioresources Inc.), and separated on a Paradigm MS4B HPLC (Michrom Bioresources Inc.) (42, 70) . Peptides were introduced into the gas phase by electrospray ionization, and positive-ion mass spectra were acquired with an Orbitrap Mass Spectrometer (Thermo Fisher Scientific), using data-dependent acquisition (1 MS survey scan followed by MS/MS scans of the 8 most abundant ions in the survey scan). An exclusion window of 45 seconds was used after 2 acquisitions of the same precursor ion with a mass window 400-2,000 m/z.
Protein identification. MS/MS spectra were matched against the mouse International Protein Index (IPI) database (mouse v.3.54, Jan 2009), using the SEQUEST (v 2.7) search engine with fixed Cys carbamidomethylation and variable Met oxidation modifications. The mass tolerance for precursor ions was 2.5 Da; SEQUEST default tolerance was accepted for product ions. SEQUEST results were further validated with PeptideProphet and ProteinProphet (71, 72) , using an adjusted probability of 0.90 or higher for peptides and 0.95 or higher for proteins, giving an estimated false discovery rate of 5%. Each charge state of a peptide was considered a unique identification.
We used the gene names for the proteins identified in HDL to eliminate the redundant identifications of isoforms and protein fragments frequently found in protein databases used in proteomic analysis (73) . This approach also permits cross-referencing of proteins from different species.
Protein quantification. Proteins were quantified using spectral counts -the total number of MS/ MS spectra detected for a protein. Spectral counting of HDL proteins strongly agrees with the targeted proteomic method, selected reaction monitoring (43, (74) (75) (76) (77) . Proteins considered for analysis had to be detected in 3 or more analyses with 2 or more unique peptides. When MS/MS spectra could not differentiate between protein isoforms, the isoform with the most unique peptides was used for further analysis. Spectral counts for each protein normalized to total spectral counts for peptides from each sample were used to calculate a spectral index. We used the index to compare relative protein composition (43) .
HDL-P IMA . HDL-P IMA was quantified by calibrated ion mobility analysis (38) . HDL peak areas were converted into aqueous particle concentrations, using glucose oxidase calibration curves. The method yields a stoichiometry of APOA1 and sizes and relative abundances of HDL subspecies that are in excellent agreement with those determined by nondenaturing gradient gel electrophoresis and analytical ultracentrifugation (38, 78) .
Statistics. Data are the mean ± SD. Differences among groups were assessed with ANOVA with Tukey's post-hoc analysis to correct for multiple comparisons. Linear correlations were assessed with Pearson's product-moment coefficient. All reported P values are 2-tailed, with a P value less than 0.05 indicating statistical significance. Analyses were performed with Prism (GraphPad) and R GNU software.
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